We report the first vibrational band assignment of imidazole trimer (IMT) solvated in helium nanodroplets. Several congested vibrational bands of imidazole (IM) clusters were obtained in the frequency region of 3513-3515 cm −1 and vibrationally resolved due to the extremely low temperature (0.37 K) and very weak solutesolvent interaction environments of helium droplets. The unambiguous free NH band assignment was achieved with an aid of pick-up oven temperature dependence and vibrational transition moment angle (VTMA) experiments as well as density functional theory (DFT) calculations. The band at 3514.3 cm −1 is attributed to the free NH stretching mode of linear IMT clusters, easily formed by the dipole-dipole interactions of IM in ultracold helium nanodroplets.
Introduction
Imidazole (IM), a five-membered heterocyclic ring structure acting as a proton donor and a proton acceptor, plays an important role in molecular conformations, protein folding and the hydrogen bonding interactions in biological systems. 1 Therefore, IM and imidazole dimer (IMD) have been the subject of several investigations to get information about their intermolecular interactions. [1] [2] [3] [4] Despite its importance, to the best of our knowledge no spectroscopic information concerning the imidazole trimer (IMT) is known. Recently, we have reported infrared spectroscopic studies of IM, IMD and its water complexes (IMW and IMDW) in helium nanodroplets. 3, 4 In a continuing series of reports, we extend the experimental and theoretical studies of IM clusters to IMT.
In recent years there have been considerable advances in using helium nanodroplets. The very weak interactions between the target molecules and the helium give rise to almost unperturbed environments from that of the gas phase. Furthermore, the temperature of the helium nanodroplets is extremely low, 0.37 K, thus the spectral broadening is significantly reduced making the He droplets as an ideal matrix for infrared spectroscopy.
5,6
Using the high resolution spectra obtained from the above mentioned experimental conditions, we were able to measure the angle between the transition and permanent dipole moments of the target molecules, called the vibrational transition moment angle (VTMA), which turned out to be a very sensitive structural and unambiguous specific vibrational band assignment tool. Furthermore, VTMAs can be also easily calculated and compared to the experimental value obtained in this study. The use of VTMAs for the specific tautomer and vibrational band assignments of small biomolecules is well described in our previous reports. 3, 4, [6] [7] [8] [9] [10] [11] [12] In this paper we present the first vibrational band assignment of IMT in the free NH stretching region applying the VTMA techniques in He nanodroplets.
Experimental and Density Functional Theory Calculations
Infrared spectra of IM clusters, isolated in He nanodroplets, have been obtained using the apparatus described in detail elsewhere, 6, 13 and only a brief description of the apparatus is given here. He nanodroplets with a mean size of 3000 He atoms were formed by supersonic expansion of ultrahigh pure helium (99.9999%) from a 5 µm diameter orifice, operated at 50 atm pressure and a temperature of 20 K. The log-normal distribution of droplet sizes determined from published scaling laws 13 for various source conditions was used in this study.
Similar to the previous IM and IMD studies, 3, 4 we have used the thermal evaporation method, using an effusive oven of IM (Aldrich, 99% purity), to be picked up by He droplets. The number of IM molecules picked up by He droplets was adjusted by varying the oven temperature such that the associated Poisson distribution was employed to determine the cluster sizes.
14 The optimized temperature of IM with the effusive oven for IMT was ~55 o C. Upon being captured by the droplets, the IM molecules are rapidly cooled to the temperature of the droplets (0.37 K) and forming IM clusters inside the droplets.
Once generated from a periodically polled lithium niobate (PPLN) cw-OPO (Linos Photonics) in the multipass cell region. Therefore, the vibrational relaxation causes evaporation of the corresponding number of He atoms. Since we also know that the dipole moment of a solvated polar molecule can be strongly oriented by a large direct current (DC) electric field, we positioned electrodes on either side of the multipass cell. Then, the laser electric field direction was aligned either parallel or perpendicular to the DC electric field. When the applied field orients the dipole moment of a molecule, the excitation efficiency depends upon the direction and magnitude of both the vibrational transition moment and the laser electric field. As a result the angle between the vibrational transition moment and the permanent electric dipole moment, VTMA, could be obtained by measuring the band intensity ratio, I para /I perp . A quantitative analysis of the angle requires a normalized permanent dipole moment orientation distribution, which is developed by Kong and coworkers 15,16 and well described elsewhere.
6-8,17
The experimental VTMAs can be compared directly with those obtained from density functional theory (DFT) calculations, based on full geometry optimizations and vibrational analysis using Gaussian 03. 18 Unless otherwise specified, the calculations reported here were conducted at the B3LYP level using the 6-311++G(d,p) basis set.
Results and Discussion
Although a number of quantum mechanical calculations have been reported for IM, it is interesting to note that not many calculations on IMD 19 and rarely any calculations on IMT have been reported. 20 Furthermore, VTMAs of each system have not been included in any of them. Therefore, we carried out DFT calculations on the IMT complexes to obtain the VTMA and frequency of free NH stretching mode. As a result, the directions of calculated transition moment (empty double ended arrow) and permanent electric dipole moment (solid arrow) are plotted onto the structure of IMT in Figure 1 .
The upper panel in Figure 2 shows an experimental spectrum of IM and its clusters in the region of free NH stretching vibrations and the corresponding structures. The bottom panel shows the calculated bar spectra for IM, IMD and IMT of which frequencies were scaled individually to take into account for their anharmonicity. Previously, the partially resolved PQR band at 3517.9 cm −1 and a broad band at 3515.8 cm −1 were assigned to the free NH band of IM and IMD, respectively.
3,4 The obtained harmonic frequencies for the two bands were 3654.4 and 3654.1 cm −1 , respectively, as shown in Table 1 . Therefore, the calculated frequencies were scaled for IM and IMD by a factor of 0.96265 and 0.96215, respectively. Since the exact experimental frequency of the free NH stretching band for IMT is unknown at the moment, we have naively used the averaged scaling factor of IM and IMD, i.e., 0.9624, resulting in 3513.8 cm
. In the previous studies, the free NH stretching band assignments for IM and IMD are quite straightforward, given that the predicted frequencies give a convincing assignment for the corresponding single band, however, for the case of IMT, there are several bands in the predicted Figure 2 , which makes the band assignment of IMT difficult with frequency calculations alone. The calculated and scaled frequencies for IM, IMD and IMT using a B3LYP/6-311++G(d,p) basis set are summarized in Table 1 , along with permanent dipole moments and scaled harmonic frequencies.
To identify an IMT band among the congested bands, we have recorded the spectra at different pick-up oven temperatures from 25-75 o C, shown in Figure 3(a) . It is apparent that higher oven temperatures give rise to higher IM vapor pressures in the pick-up oven and thus a more probability of picking up more than one molecule. In general, the band assignments to the specific cluster size of IM are based on the pick-up oven temperature dependence of the corresponding peak intensities. 4, [6] [7] [8] [9] 11 However, in this work, monitoring the peak intensity of the bands versus the pickup oven temperatures, shown in Figure 3(a) , becomes unreliable, because a broad feature appears in the IMT band region as the oven temperature increases. Therefore, we have plotted the intensity ratio, I 3514.3 /I 3515.9 and I 3514.8 /I 3515.9 , versus the oven temperatures instead, shown in the log-log plots of Figure 3 , marked with the downwards arrow in Figure 3(a) , is the free NH stretching band of IMT from the oven temperature dependence experiments. To further support the band assignment of IMT, we have conducted electric field dependence experiments in the congested band region, in which the spectra were measured with (a) parallel polarization, (b) zero field, and (c) perpendicular polarization shown in Figure 4 . It is instantaneously noticed that there are several bands underneath the band marked with an asterisk in the parallel polarization scan, (see Figure 4(a) ). It is now clear that the several bands underneath the band marked with an asterisk are the cause of the large deviation in the band intensity ratios mentioned above.
Similar to the formation of linear chains of polar molecules, such as HCN, in He droplets, 22 the sequential addition of IM makes the IM clusters linear assembling head-to-tail because the existing chain, IMD, further induces the dipole oriented structure, i.e., IMT, IMQ, and so on. This can be possible that the dipole induced linear structures of IM having a large dipole moment (3.8 D) are trapped in their potential well in the ultra low temperature environment. Basically, the length of linear IM cluster chains is restricted to the size of He droplets, because the large droplets have large cross sections and sufficiently high heat capacities to capture and cool many IM molecules. 3 The lower frequency bands marked with an oval could be from the higher order clusters due to the rather smooth frequency evolution of the bands, however, the assignments of these bands are beyond the scope of the present work.
VTMA analysis of the band at 3514.3 cm −1 marked with a downwards arrow yielded an experimental value of 42 o while the calculated VTMA for the band is 40 o . This shows that the VTMA assignment between experiment and theory is clearly excellent. This is important given that an unambiguous assignment could not be obtained by only comparing the values between experiments and frequency calculations, given that the band region is highly congested, making the band assignment of IMT questionable. Furthermore, the congested band region was composed of a broad band when the matrix of argon or even neon was used, of which typical spectral resolution of the traditional matrix-isolation spectroscopy is often limited even at low temperatures. 23 Once again, the ultralow temperature of He droplets, providing the necessary cooling for such IR spectroscopic studies of large IM clusters, and the weak interactions between the superfluid helium and the target molecules result in high resolution and small vibrational frequency shifts. Moreover, several bands underneath the band marked with an asterisk are only identified at parallel electric field polarization, which otherwise the band assignment would be more difficult and/or ambiguous.
Conclusions
In this study we report high resolution infrared laser spectra of imidazole trimer (IMT) isolated in helium nanodroplets in the free NH stretching vibrational band region for the first time. The unambiguous band assignment of IMT solvated in helium nanodroplets was conducted by using several unique techniques, such as pick-up oven temperature and electric field dependence experiments. By varying the oven temperatures and measuring the band intensity ratios of unknown bands to the reference band (here IMD), we have been able to assign the band at 3514.3 cm −1 to the free NH stretch mode of IMT. Furthermore, by applying a large DC electric field and measuring the band intensity ratios of the corresponding band in parallel and perpendicular laser electric field, we achieved a definitive assignment for the free NH band of IMT. The IMT clusters in helium droplets are self-assembled by long-range dipole-dipole forces and form noncovalently bonded linear chains. We hope that this study shed lights on the further investigation on the formation of branched or ring structures of IM clusters when a certain number of IM is added to the linear chain structures.
